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Abstract: Finite element analysis has been carried out to understand the effect of various processing routes and condition on the
microscale deformation behavior of Al-4.5Cu—2Mg alloy. The alloy has been developed through four different routes and condition,
i.e. conventional gravity casting with and without refiner, rheocasting and SIMA process. The optical microstructures of the alloy
have been used to develop representative volume elements (RVEs). Two different boundary conditions have been employed to
simulate the deformation behavior of the alloy under uniaxial loading. Finally, the simulated stress—strain behavior of the alloy is
compared with the experimental result. It is found that the microstructural morphology has a significant impact on stress and strain
distribution and load carrying capacity. The eutectic phase always carries a higher load than the a(Al) phase. The globular a(Al)
grains with thinner and uniformly distributed eutectic network provide a better stress and strain distribution. Owing to this, SIMA
processed alloy has better stress and strain distribution than other processes. Finally, the simulated yield strength of the alloy is
verified by experiment and they have great agreement.
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1 Introduction

The micromechanics based study is gaining lots of
research interest for in-depth analysis of various
engineering aspects and applications. The micro-
mechanical approach is an important technique to
understand the microscale deformation behavior of
materials using an analytical and numerical method. In
general, analytical methods are capable of providing the
simpler reasonable predictions of microstructural
features. These predictions are not enough to evaluate the
actual morphology of a microstructure. This limitation
has been overcome through the numerical methods. This
approach includes computer numerical modelling that
increases the realm of predictions through simplifying
assumptions about size, shape and spatial distribution of
grains/particles. Thus, the computational modelling and
simulation flamed up the micromechanics based studies.

The micromechanics based studies of a dual phase
material are terribly a robust job to assess the
non-uniformities of the phases of a microstructure.
However, this approach tends to be a powerful tool to get

a fruitful prediction of the deformation and fatigue
behavior of alloys [1]. Recently, SUN et al [2] vectorized
the micrograph utilizing ArcMap and Photoshop and
studied the failure mode of dual phase steel using the
ABAQUS software. Furthermore, GANESH and
CHAWLA [3] simulated the tensile behavior in the
Abaqus environment by vectorizing the digital image of
microstructure through an image processing software
Raster-Vect. PAUL [1] developed the real microstructure
based model using SEM images and simulated the
microscale deformation behavior and failure initiation of
dual phase steel using HyperMesh and ABAQUS
software. In a recent work, SUI et al [4] studied the
influence of microstructure features on deformation
behavior and strain distribution of a cylindrical section
using ANSYS/LS-DYNA software. In another study,
ZHANG et al [5] developed a microstructure based on
3D cellular automaton (CA) algorithm and investigated
the deformation behavior of polycrystalline ferritic
stainless steel under tensile loading by finite element
modeling. It was reported that the local stress and strain
fields show non-uniformity at mesoscale. It was
concluded that the deformation behavior of grains is
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related to the orientation of the individual grains and the
interactions with adjacent grains. Furthermore, JI et al [6]
simulated the strain localization in a+f titanium alloy to
understand the effect of microstructural features on the
mechanical response. It was reported that there are two
types of strain localization bands (SLBs) namely short
and long-continuous SLBs and short SLBs mainly appear
in f; and long-continuous SLBs appear in a, The
strength of the alloy decreased with increase in a, in
SLBs, whereas ductility increases. In another recent
study, LI et al [7] developed a multiscale 3D CACPFEM
model to study the heterogeneous deformation with
crystal plasticity, the mechanical response and
microstructure evolution of titanium (TA15) alloy. It was
found that the model is capable of the integrated
prediction of the macroscale forming, mesoscale
deformation mechanism and microscale microstructural
evolution of materials. GHAVAM et al [8] also
established a constitutive model to predict the hot tensile
flow behavior of IMI834 titanium alloy (a+f region) and
it was found that the activation energy for the hot tensile
deformation of the alloy is in the range from 519 to
557 kJ/mol at different strain values.

Nowadays, there are numerous processes to increase
the mechanical properties of material. The semisolid
metal (SSM) processing offers numerous advantage such
as the reduction of macro segregations, porosity and low
forming efforts over conventional methods like forging
and traditional casting [9—17]. The prime objective of the
semisolid processing is to obtain the non-dendritic
microstructural morphology [9,18]. Consequently, a
significant effort has been made to achieve globular
microstructural  structural morphology from any
semi-solid process [17-22]. The semi-solid slurry
prepared by stirring process known as rheocasting [23],
is used directly for forming products. This process also
ensures the near-spherical grain structure, but
magnesium alloys have a problem of oxidation and
combustion. It can be effectively reduced by
strain-induced melt activation SIMA process [24] as this
process combines both the casting and rolling process. It
has several commercial advantages such as simplicity,
low equipment cost and is applied to most engineering
alloy systems, including aluminum, magnesium, copper
and ferrous alloys [25-27].

The AI-Cu—Mg alloy is used in aircraft and
automobile industries due to their light weight, improved
tensile and fatigue strength and high hardness [28,29].
The properties of dual phase alloys are dependent on the
volume fraction of phases, microstructural morphology
and the presence of voids and microcracks.

In this work, Al-4.5Cu—2Mg alloy is synthesized
by a traditional gravity casting process with and without
refiner, rheocasting process and SIMA process. The

Al-5Ti—1B master alloy is used as refining element.
The developed alloy mainly consists of an Al rich
primary phase (a(Al)) and Cu rich eutectic phase. The
optical microstructures of the above-mentioned processes
are simulated by finite element based ABAQUS CAE
software to wunderstand the impact of processing
conditions and routes on microstructural morphology
such as a(Al) grain size and shape and the volume
fraction of a(Al) and eutectic phase regarding
micromechanical response during uniaxial loading.
Variation of stress and strain distribution in a(Al) phase
and binary eutectic phase are evaluated using
Ramberg—Osgood model. The previous studies are
mainly restricted to zonal result or a single node output,
which is not adequate to understand the actual response
of the material. Therefore, in the present work, each and
every nodal response has been analyzed to understand
the influence of a(Al) grain size and shape and the
volume fraction of a(Al) and eutectic phase on
mechanical properties of this alloy in terms of stress and
strain distribution, stress localization, load carrying
capacity and deformation of phases during uniaxial
tensile loading.

2 Experimental

In this work, the commercially pure aluminum ingot
(99.7%), magnesium (99.95%) and copper (99.95%) are
used to develop an Al-4.5Cu—2Mg alloy. The small
ingots of aluminum are kept in 3 kg capacity clay
graphite crucible and melted at 720 °C in a heat
resistance furnace in a controlled inert gas (argon)
atmosphere. The aluminum foil wrapped small pieces of
commercially pure copper and magnesium are added to
the completely melting aluminum. Then, the melt is
stirred gently 2—3 times to ensure proper dissolution of
all materials. After that, AI-5Ti—1B master alloy small
pieces are added to the melt and hold for 10 min for
complete dissolution. Then, a degasser, hexachloroethane
(0.1%, mass fraction) is added to remove the dissolved
gases from the melt. Afterward, the molten alloy is
immediately poured into a preheated (=250 °C)
permanent cast iron mold.

In the rheocasting process, slag removed melt is
stirred at 300 r/min with the help of a mechanical stirrer
for about 10 min in a controlled isothermal condition.
Then, the semi-solid mixture is poured into a preheated
cast iron mold. Finally, mold with liquid metal is allowed
to cool in the atmosphere. After air cooling, the samples
are kept at 280 °C for 1 h to preheat. Afterward, the
samples are warm rolled in a four high rolling mill
(250 mm in roll diameter and 300 mm in barrel length) to
get 50% deformation at the recrystallisation temperature
of the alloy.



1202 Rahul BHANDARYI, et al/Trans. Nonferrous Met. Soc. China 28(2018) 1200—1215

Standard procedures are followed to prepare the
mirror finish metallography samples. The polished and
etched samples are investigated under the optical
microscope (Leica DM 2500) to observe microstructure
and Vickers microhardness tester (Model-UH3,
Reicherter and Stiefelmayer) is used to ascertain the
microhardness of individual phases at 0.5 N load. Further,
50T Instron (Instron—8501) is used to test the tensile
specimen made as per ASTM E8M standard at a strain
rate of 107 s™'. Ultimate tensile strength (UTS), yield
strength (YS) and elongation are estimated from
recorded data. Different processing routes and conditions
and their abbreviation used in this work are given in
Table 1.

Table 1 Abbreviations used for different processing conditions

and routes
Code Route
R, Gravity cast
R, Gravity cast with grain refiner
R; Rheocast
Ry SIMA process

3 Constitutive description

In this work, Ramberg—Osgood model [30] is
employed to evaluate elasto-plastic behavior in terms of
stress and strain distribution of Al-4.5Cu—2Mg alloy.
The equation is as follows:

n—1
E5:0+a(i—O—J o} (D

Oy

where ¢ is the nominal stress, ¢ is the strain, £ is the
elastic modulus, and a is the yield offset and n (>1) is the
hardening exponent (non-linear term) for plastic
deformation.

In the present constitutive law, Eq. (2) is used to
calculate the strain energy density:

W =|ode (2)

The Newton’s method has been used to solve
Eq. (1) for getting stress solution of the developed alloy
by considering g=to with an initial guess of o=El¢g| if
Ele|<o, and Gzi[E|5|0'6’_1/a]l/” if Ele[>ay, and ¢, is
modified to 0. The Newton equations for Eq. (1) can be
written as follows:

n—1 n—1
1+n0{ij cC,:Eg—O'—a[ij o 3)
Oy Oy

0=0—C, “

The material stiffness in the present case is as
follows:
do E
o 1+no(q/oy)"”

)

The plastic flow stresses of a(Al) and eutectic phase
are expressed by Egs. (6) and (7) showing isotropic
hardening behavior under loading:

=0y +Kpeh (6)
o= O-y,Eu + I<Eu8:pEu (7)

where the initial yield strengths are represented by oy
and oyg,, hardening coefficients are represented by Ky,
and Kg, and the hardening exponents are represented by
na and ng, for the primary o(Al) and eutectic phases,
respectively.

4 Pre-modelling

The optical microstructure (Fig. 1) of the alloy has
been vectorized using Vextractor image analysis software
and a replica with dimensions of 0.45 mm X 0.45 mm
has been developed through AutoCAD software (Fig. 2).
Then, the CAD model has been imported in a 2D
ABAQUS planar modeling for simulation. Furthermore,
the 2D RVEs size (0.45 mm X 0.45 mm) has been
selected in such a manner that it is able to represent the
bulk microstructure structure of the alloy as well as it can
simulate in less computational time.

The material property has been specified
considering Ramberg—Osgood model. Quad-dominated
linear plane strain elements with 0.03 mm global seed
size have been used for meshing.

“Rule of mixture” is used to calculate bulk hardness
(H) of the present alloy:

H= VpHp+ VE+HE (8)

where Vp and Hp are the volume fraction and
micro-hardness of the primary a(Al) phase, and Vg and
Hfy, are the volume fraction and micro-hardness of the Cu
rich eutectic phase, respectively.

The volume fraction was measured by Imagel
image analysis software by considering 10 image frames
and the micro hardness is obtained through the Vickers
micro-hardness  test. The fraction and
micro-hardness of individual phases and bulk hardness
are given in Table 2. The yield strength of the alloy is
calculated by 0.2% offset of the linear range slope of the
stress—strain curve (Fig. 3) and the yield strength of
individual phases is calculated from the curve fitting
equation between bulk hardness and yield strength (as
shown in Fig. 4) and the curve fitting equation is

volume
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Fig. 1 Optical microstructures and vectorized RVEs: (a;, a,) Gravity casting; (b;, by) Gravity casting with grain refiner;
(c1, ¢2) Rheocasting; (d;, d;) SIMA process
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Primary Al phase

Eutectic phase

Vectorized microstructure

Fig. 2 Two-dimensional representative volume elements (RVEs) based on optical microstructure

Table 2 Calculated bulk hardness and phases volume fractions
of Al-4.5Cu—2Mg alloy at different process routes and

expressed by Eq. (9). The phases yield strengths are
summarized in Table 3.

conditions
Y=-68.65789+2.53509X ©)
Route Ve Hp Ve Hg H
R, 0.81 69 0.19 81 71 where Y and X are the yield strength and the macro-
R, 0.51 7 0.49 90 20 hardness of the individual phase.
Ry 0.67 94 0.33 108 96 Table 3 Estimated yield strength of o(Al) and eutectic phase
R4 0.82 111 0.18 120 113 with different process routes and conditions
Yield strength/MPa
Route
300 a(Al) phase Eutectic phase
\ R R 104.996 138.458
250 - 4
R, 113.868 159.500
& 200 R; 144.289 235.552
= R, 212.737 235.552
% 150 -
I
i 100 / In this work, the boundary conditions are assumed
on the basis of tensile testing. The Al-4Cu—2Mg alloy is
501 . ductile in nature. Therefore, cup and cone type of
j 0.2% offset line . . . .
fracture will occur during failure. Two different types of
boundary conditions have been considered for the

0 1 2 3 4 5 6 7 8
Strain/%

Fig. 3 Stress—strain diagram of alloy with 0.2% offset
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180 |

160 |

140 |

Yield strength/MPa

Y=-68.65789+2.5309X
R*=0.976

120

100 |

70 80 90 100 110 120
Macrohardness (VHN)

Fig. 4 Curve fitting for predicting yield strength of different
phases

simulation of uniaxial tensile testing. The similar
boundary conditions have been previously used by KIM
et al [31]. The Case-I boundary condition (Fig. 5(a)) is
considered for the simulation of the necking behavior of
the material. The left edge is completely fixed and at the
right edge known displacement is given in X-direction
laterally. The Y-direction is kept free so that it can move
easily in the transverse direction of the loading. The top
and bottom edges are left free from any boundary
condition, whereas rotational motions are restricted.
Case-II boundary condition (Fig. 5(b)) is used to
simulate the uniaxial displacement behavior. The left
edge is restricted to move in X (lateral) direction, but it
can move in Y (transverse) direction and at the right edge
the known displacement is given. The top edge is
allowed to move in X-direction but not in Y-direction and
all rotational movements are restricted.

However, considering displacement control method,
deformation is specified. The experimental values
of the tensile results have been applied to predict the
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Fig. 5 Schematic representation of Case-I (a) and Case-II (b) boundary conditions

displacement values. In the present simulation, the
equation required to calculate the displacement values is
represented by

d=0.45A1/1 (10)

where d, /, and A/ are the displacement, gauge length and
elongation of the tensile sample, respectively. The
displacement values used for different processing routes
and conditions used are listed in Table 4.

Table 4 Gauge length, elongation and calculated displacement
values used to simulate RVEs

Gauge Elongation/  Displacement/
Route
length/mm % mm
R, 20 1 0.0045
R, 20 1.27 0.005715
R; 20 4.8 0.0216
Ry 20 7.3 0.03285

5 Result and discussion

5.1 Microstructural evaluation

The optical microstructure of the Al-4.5Cu—2Mg
alloy consists of two phases: primary a(Al) and Cu-rich
eutectic phases (Fig. 1). The volume fraction of a(Al)
and eutectic phase is measured using Image] image
analysis software by considering ten image frames and
the results are present in Table 2.

The optical microstructure of gravity cast
Al-4.5Cu—2Mg alloy without grain refiner exhibits the
presence of coarse dendritic a(Al) phase (Fig. 1(a))
whereas the gravity cast alloy with grain refiner reveals
the presence of fine and nearly spherical primary a(Al)
grains (Fig. 1(b)). It is also observed that the distribution
of the eutectic phase becomes uniform and its volume
fraction is increased, but volume fraction of primary
o(Al) phase is decreased. Further, the rheocast alloy

consists of both dendritic and non-dendritic primary a(Al)
phase (Fig. 1(c)) with a relatively high volume fraction
of eutectic phase with regard to gravity cast alloy without
grain refiner. The primary a(Al) phase of the SIMA
processed alloy is relatively non-dendritic, globular than
the rheocast alloy (Fig. 1(d)). The SIMA processed alloy
has less amount of uniformly distributed eutectic phase
network than other processes. Therefore, it is clear that
each processing condition has a different microstructural
morphology and volume fraction of phases. It is well
established that the mechanical properties of metals or
alloys depend on the microstructural morphology and the
volume fraction of constituent phases. The SIMA
processed alloy exhibit superior mechanical properties to
other processes. The hardness, yield strength and
elongations of the developed alloy are given in Tables 2,
3 and 4, respectively.

5.2 Effect of microstructural features on stress—strain
distribution

The von Mises stress distributions in different RVEs
(Ry, Ry, Rzand Ry) are shown in Fig. 6. The RVEs are
simulated employing Case-1 boundary condition. Figure
6(a) shows the simulated RVE of gravity cast alloy
without grain refiner. It is observed that the stresses are
localized (red bands) at the narrow eutectic phase region
and irregular stress distribution is also observed in a(Al)
phase and eutectic phase due to non-uniform distribution
of phases. This stress, localized region (red bands) will
act as a failure initiation point. Further, the simulated
RVE of grain-refined alloy (Fig. 6(b)) has uniformly
distributed high-stress area (orange and red bands) in the
eutectic region and a range of the low-stress green band
in a(Al) grains. It is also very interesting to note that the
grain refined alloy has a more uniform distribution of
stress as compared to normal gravity cast alloy due to
the presence of fine and equiaxed a(Al) grains with
a uniformly distributed eutectic network. On the other
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von Mises
stress/MPa

3.534x10?
3.298x10%
3.062x10?
2.826x10?
2.590%10?
2.354x10%
2.118x10?
1.882x10%
1.647x10?
1.411x10%
1.175x10*
9.389x10!
7.030x10!

von Mises
stress/MPa

6.887x10%
6.362x10%
- 5.838x10%
5.313x10?
4.789x10%
4.265x10*
3.740x10?
3.216x10?
2.691x10*
2.167x10*
1.643x10%
1.118x10%
5.937x10!

hand, the refined grain alloy contains more volume
fraction of the thicker eutectic phase, which carries the
maximum applied load, and as a result, there is a huge
difference in induced stress between primary a(Al) phase
and eutectic phase. This difference in stress distribution
may cause an unexpected failure from the interface of
phases. Although the mixture of red and orange bands
will act as failure initiation sites, failure may occur fewer
spaces away than that of an unrefined alloy. Moreover,
the stress distribution in the rheocast alloy (Fig. 6(c))
shows that it has more low-stress regions (green and
yellow bands). Therefore, the alloy processed through R;
route is more admirable than the alloy processed through
R, route because the failure occurs a few steps away
from R,. This improvement can be observed as a result
of uniformly distributed thinner eutectic phase network
within a higher volume of a(Al) phase. Finally, RVE of
R, is compared with other processes (R;, R, and R3) and
it has a uniform stress distribution (green and yellow
stress bands with a bit combination of orange bands) due
to the presence of least eutectic network with more
globular a(Al) grains.

Figure 7 displays the von Mises stress distribution
in different RVEs (R, R,, R; and R,) employing Case-II
boundary condition. The stress distributions are akin to
Case-I boundary condition.

The equivalent plastic strain distribution of different
RVEs under Case-I boundary condition is shown in
Fig. 8. The initiation of strain bands occurs from corners

von Mises
stress/MPa

@ 4.133x10?
) 3.816x10?
| 3.498x10?

4 - 3.181x10?
2.864x10?
2.546x10?
2.229x10?
1.911x10%
1.594x10%
1.276x10%
9.590x10!
6.416x10!
3.242x10!

von Mises
stress/MPa

6.796x10?
6.439x10*
6.082x10?
5.725x10?
- 5.368x102
5.011x10?
4.654x10%
4.297x10?
3.940x10?
3.583x10?
3.226x10?
2.869x10?
2.512x10?

()
Fig. 6 von Mises stress distribution in different RVEs using Case-I boundary condition: (a) Gravity casting; (b) Gravity casting with
grain refiner; (c) Rheocasting; (d) SIMA

of the stationary edge of RVEs and subsequently spreads
transversely (Fig. 8). The strain induction is observed in
a few locations of the simulated gravity cast alloy
(Fig. 8(a)), and as a result, certain failure may happen
due to void initiation in those regions during uniaxial
loading. Further, in Fig. 8(b), the induced strain spreads
diagonally from the top and bottom corner of the fixed
end and nearly uniform distribution is found (greenish
strain bands) due to the presence of finer, non-dendritic
and regular shaped primary a(Al) phase in the refined
grain alloy. Moreover, Fig. 8(c) shows that the rheocast
alloy has more uniform strain distribution containing
greenish and green bands. Furthermore, the SIMA
processed RVE (Fig. 8(d)) has more uniform strain
distribution compared to the rheocast RVE.

The equivalent plastic strain of different RVEs (R,
Ry, R; and Ry) using Case-II boundary condition is
shown in Fig. 9. The simulated result (Fig. 9) clearly
indicates that the mechanical properties improve
incrementally from R; to Ry, R, to R;and R;3 to R, as the
strain localized region and induced strain difference
between a(Al) phase and eutectic phase are reduced and
the overall uniformity of strain distribution is increased.
The uniformity in strain distribution is found, and
therefore, the modification of non-uniform dendritic
primary a(Al) grains to uniform globular primary a(Al)
grains results in the advancement of mechanical
properties. Thus, R4 sample developed through SIMA
process excels from the others.
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von Mises
stress/MPa

2.656x102
2.516x102
2375x102
2235x10?
2:095x10?
1.955x102
1.814x102
1.674x10

von Mises
stress/MPa

6.707x10?
6.286x10?
5.865x10?
5.444x10?
- 5.023x102
4.601x102
4.180x102
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3.338x10?
2.917x10?
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2.074x10?
1.653x10%

1207

von Mises
stress/MPa

4.035x10%
3.725%10%
3.416x10%
3.106x10%
2.796x10%
2.486x10%
2.176x10%
1.866x10%
1.557x10*

1247x102
1.247x1¢

9.369%10!
6.271x10!
- 3.172x10!

von Mises
stress/MPa

6.161x10?
6.031x10?
5.901x10?
5.772x10?
5.642x10?
5.512x10?
5.382x10?
5.252x10?
5.122x10?
4.992x10%
4.862x10%
4.733x10?%
4.603x10%

Fig. 7 von Mises stress distribution in different RVEs using Case-II boundary condition: (a) Gravity casting; (b) Gravity casting with

grain refiner; (c) Rheocasting; (d) SIMA
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Fig. 8 Equivalent plastic strain distribution of different RVEs using Case-I boundary condition: (a) Gravity casting; (b) Gravity

casting with grain refiner; (c) Rheocasting; (d) SIMA

The frequency plot of the stress distribution in
various RVEs considering Case-I boundary condition is
shown in Figs. 10—13. Elemental details of the primary
o(Al) and eutectic phase are summarized in Table 5.

Figure 10 shows the elemental stress distribution in
primary a(Al) and eutectic phase of alloy without refiner.
It is found that there is a significant difference in stress
distribution between primary a(Al) and eutectic phase.
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Fig. 9 Equivalent plastic strain distribution of different RVEs using Case-II boundary condition: (a) Gravity casting; (b) Gravity
casting with grain refiner; (c) Rheocasting; (d) SIMA
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Fig. 13 Elemental stress distribution in different phases of SIMA processed alloy: (a) Primary phase; (b) Eutectic phase

Table 5 Elemental details of primary a(Al) and eutectic phase
in simulated RVEs

Number of elements Number of elements

Route in primary phase in eutectic phase
R, 22416 5911
R, 23449 19417
R; 25128 9045
R4 30743 3223

The primary a(Al) phase carries a minimum stress
(von Mises stress) of 70 MPa but the elements are
concentrated in a stress range of 125-260 MPa. The
minimum stress carried by eutectic phase is 60 MPa but
most elements are in stress range of 130—355 MPa.
Figure 10(b) clearly shows that 80% of a total number of
elements of the eutectic phase is in the high-stress zone
and range of stress is large with respect to a(Al) phase. It
is concluded that the eutectic phase has less uniformities
in stress distribution. So, eutectic phase is more prone to
failure compared to primary a(Al) phase. Also, other
stresses have more or less similar types of behavior with
different stress values. Figure 11 reveals that the refining

alloy has higher induced stress (von Mises stress) in both
the phases. The a(Al) phase carries a minimum stress of
120 MPa but the maximum number of elements lies
between 200 and 320 MPa. And the eutectic phase has a
minimum induced stress of 140 MPa but elements are
concentrated between 230 and 425 MPa. It is very
interesting that the stress is decreased in grain refined
alloy, which signifies that the grain refined alloy has a
uniform distribution of stress, and as a result, the
possibility of failure is reduced. This improvement is
caused by an effect of microstructure modification by the
refiner. The rheocast alloy also has higher induced stress
(von Mises stress) with improved distribution compared
with the grain refined alloy (Fig. 12). The a(Al) phase
carries a minimum stress of 180 MPa but the number of
elements is much large in the range of 330—430 MPa.
The eutectic phase has a minimum stress of 200 MPa and
most elements carry a stress between 400 and 700 MPa.
Further, the SIMA alloy has a more uniform stress (von
Mises stress) distribution throughout both phases. The
o(Al) phase and eutectic phase carry approximately the
same amount of minimum stress (340 MPa) and the
range of maximum elements carrying stress is also in a
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similar range: 515-595 MPa for a(Al) phase and
520-655 MPa for eutectic phase. This reduces the
chance of failure at the interface of the a(Al) phase and
eutectic phase and also removes the stress localization in
o(Al) and eutectic phase because this SIMA processed
alloy has higher mechanical properties. Furthermore,
some elements (minimum principal stress and $22) are
seen experiencing the compressive stress in both phases
due to the lateral contraction accompanying a
longitudinal extension (i.e. basically the Poisson effect)
and irregular stress distribution. In primary a(Al) phase,
the stress distribution of minimum principal and S22
stresses are approximately similar in the ranges from
—20 to 180 MPa whereas stress distribution in eutectic
phase is in the range from —120 to 220 MPa. Moreover,
stress in the z—z direction (S33) is observed from the
simulated results due to plane strain condition and this
indicates the existence of stress but no strain.

Figures 14—17 show the various elemental strains in
simulated RVEs (R;, R,, R; and R,) using Case-I
boundary condition. It is also revealed that the eutectic
phase elements experience lower values of strain with
respect to a(Al) phase in every RVE. This signifies that
the eutectic phase has a higher load carrying capacity and
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higher induced stress under tensile loading. It is also
found that the elemental strain value is increased when
the RVEs shift incrementally from R, to R4 and also the
distribution of elemental strain becomes uniform. The
a(Al) and eutectic phase elemental strain values are more
or less similar in R; and Ry processed alloy. So, the
distribution of elemental strain is uniform throughout the
RVEs. This reduces the chance of failure because strain
localization is not present in the interface of a(Al) and
eutectic phase. Due to this, the SIMA processed alloy has
higher mechanical properties experimentally. Furthermore,
minimum principal strain and E22 account negative
strain, which indicates that during the experimental
tensile test, some portions (elements) experience
compressive load due to the poison’s effect. The E33
(strain in z—z direction) is absent due to the plain strain
condition which is clearly observed in simulated RVEs
(Figs. 14—17). The analysis shows that though there are
high stress and strain levels in SIMA process, the failure
will occur few steps away from other processed alloys. It
is also claimed that the failure probability of R, and R, is
the highest, that of R; is lower and that of Ry is the
lowest. This leads to the conclusion that SIMA process is
better than the other processes.
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Fig. 14 Elemental strain distribution in different phases of gravity cast alloy: (a) Primary phase; (b) Eutectic phase
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Fig. 15 Elemental strain distribution in different phases of grain refined alloy: (a) Primary phase; (b) Eutectic phase
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Fig. 16 Elemental strain distribution in different phases of rheocast alloy: (a) Primary phase; (b) Eutectic phase
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Fig. 17 Elemental stress distribution in different phases of SIMA alloy: (a) Primary phase; (b) Eutectic phase

5.3 Load carrying behavior of phases

The von Mises stress and the equivalent strain
distribution of SIMA processed alloy with different strain
levels employing Case-I boundary condition are shown
in Fig. 18. At the beginning of loading (1.829% strain),
nearly equal stress is developed in primary a(Al) phase
and eutectic phase (Fig. 18(a;)) whereas the equivalent
strain distribution (Fig. 18(a,)) is similar throughout the
whole domain. Further, with increase in loading
(3.6498% strain), the stress is initiated from all four
corners of the domain and gradually the stress is
transferred diagonally from the right corner of the RVEs
(Fig. 18(b;)). At this time, stress development in the
eutectic phase is more than that in the primary phase and
the equivalent strain development (Fig. 18(b,)) is similar
to the stress (Fig. 18(b;)) but it is also observed that
some of the grains are not affected at 3.6498% strain
level. At 5.4747% strain level (Figs. 18(c;) and (c,)), the
stress and strain development in different phases is
increased and more load is carried by the eutectic phase
than the primary a(Al) phase (Fig. 18(c;)). At the highest
strain level (7.3% strain) (Figs. 18(d;) and (d,)), stress
and strain development is nearly similar to Figs. 18(c;)

and (c,), respectively. Figures 18(d;) and (d,) reveal
similar predictions as those of Figs. 18(c;) and (cy),
respectively.

Figure 19 shows the von Mises stress and the
equivalent plastic strain distribution of SIMA processed
alloy using Case-II boundary condition at various strain
levels. It is found that at the initial stage of loading
(1.8249% strain), the induced stress (Fig. 19(a,)) is more
or less similar in the primary a(Al) phase and the eutectic
phase and the induced plastic strain (Fig. 19(ay)) is
perfectly same in both the phases. Further, with increase
in strain level (3.6498%) (Fig. 19(b;)), induced stress is
increased in both phases and the eutectic phase has
higher induced stress (orange band) compared with the
primary a(Al) phase (yellowish-green band). Moreover,
the deformation responses of eutectic phase and nearby
primary phase do not have any significant change
because the stress is not enough to deform the eutectic
phase (Fig. 19(b,)). At 5.4747% and 7.3% strain level,
the stress in the eutectic phase is maximized as the load
is transmitted from primary a(Al) phase to the eutectic
phase at the onset of failure (Figs. 19(c;) and (d))).
At these strain levels, deformation in eutectic phase is
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Fig. 18 von Mises stress (a;—d;) and equivalent strain distribution (a,—d,) of SIMA processed alloy employing Case-I boundary
conditions at different strains: (a;, a;) 1.8249%; (by, by) 3.6498%; (¢, ¢p) 5.4747%; (d;, dy) 7.3%

clearly visible (Figs. 19(c;)) and (d;)) and these results are simulated results have been compared with experimental
very similar to the actual experimental result of any dual results (Fig. 20). It is found that there is a good
phase alloy at uniaxial tensile testing. Furthermore, the agreement between experimental and simulated data.
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6 Conclusions

The presence of inhomogeneous microstructural
features results in the stress concentration and plastic
strain localization. These strain-localized zone or
element causes local shear failure, which develops
microvoids that are responsible for the final failure. As a
result, the gravity cast alloys have comparatively poor
mechanical properties with respect to rheocast and SIMA
processed alloy as the gravity cast alloy has a dendritic
o(Al) phase with a nonuniform eutectic phase network.
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The eutectic phase carries a higher load and it has high

induced stress with non-uniform distribution of stress.
Moreover, the negative stress and strain are observed
because during tensile testing some portions/elements of

the specimen experience compressive load. At the initial
stage of loading, stress and strain distributions are
uniform and both the phases mutually carry the applied

load.

With further increase in load, the stress—strain

distribution becomes non-uniform, giving rise to strain

localization zone.
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